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The effects of spin-polarized quasiparticle transport in superconducting YBa2Cu3O72d ~YBCO! epitaxial
films are investigated by means of current injection into perovskite ferromagnet-insulator-superconductor
~F-I-S! heterostructures. These effects are compared with the injection of simple quasiparticles into control
samples of perovskite nonmagnetic metal-insulator-superconductor ~N-I-S!. Systematic studies of the critical
current density (Jc) as a function of the injection current density (Jin j), temperature (T), and the thickness ~d!
of the superconductor reveal drastic differences between the F-I-S and N-I-S heterostructures, with strong
suppression of Jc and a rapidly increasing characteristic transport length near the superconducting transition
temperature Tc only in the F-I-S samples. The temperature dependence of the efficiency (h[DJc /Jin j ; DJc :
the suppression of critical current due to finite Jin j! in the F-I-S samples is also in sharp contrast to that in the
N-I-S samples, suggesting significant redistribution of quasiparticles in F-I-S due to the longer lifetime of
spin-polarized quasiparticles. Application of conventional theory for nonequilibrium superconductivity to these
data further reveal that a substantial chemical potential shift m* in F-I-S samples must be invoked to account
for the experimental observation, whereas no discernible chemical potential shift exists in the N-I-S samples,
suggesting strong effects of spin-polarized quasiparticles on cuprate superconductivity. The characteristic times
estimated from our studies are suggestive of anisotropic spin relaxation processes, possibly with spin-orbit
interaction dominating the c-axis spin transport and exchange interaction prevailing within the CuO2 planes.
Several alternative scenarios attempted to account for the suppression of critical currents in F-I-S samples are
also critically examined, and are found to be neither compatible with experimental data nor with the established
theory of nonequilibrium superconductivity.
PACS number~s!: 74.50.1r, 74.40.1k, 74.80.Dm, 74.60.JgI. INTRODUCTION
One of the most intriguing open questions associated with
high-temperature superconductivity is the relevance of
dx22y2-wave pairing symmetry1,2 and antiferromagnetic spin
correlation3 to the pairing mechanism, and the possibility of
spin-charge separation due to either the resonant-valence-
bond ~RVB! scenario4–6 or the existence of charged
stripes.7,8 A natural consequence of the dx22y2-wave pairing
symmetry in the hole-doped (p-type! cuprate
superconductors1,2 is an anisotropic pairing potential and the
existence of nodal quasiparticles that are responsible for the
unconventional low-energy excitation spectra.9,10 The doping
of holes into the oxygen 2p orbitals in the CuO2 planes is
known to incur spin fluctuations in the cuprates due to the
frustration of nearest-neighbor antiferromagnetic Cu21-Cu21
correlation, and the existence of spin fluctuations has been
suggested as relevant to the dx22y2-wave pairing in the
cuprates.3 The antiferromagnetic correlation has also moti-
vated the RVB scenario that could lead to spin-charge sepa-
ration and the marginal Fermi-liquid ~MFL! electronic
behavior11 in the normal state. However, to date there has
been no direct evidence for spin-charge separation in the
cuprates.
The existence of dx22y2-wave pairing and antiferromag-
netic correlation is also believed to be responsible for the
unusual response of p-type cuprates to quantum
impurities.12–16 That is, the substitution of Cu21 by nonmag-
netic impurities ~such as Li1, Zn21, Mg21, and Al31) in the
CuO2 planes of Bi2Sr2CaCu2Ox and YBa2Cu3O72d ~YBCO!
systems has revealed stronger pair-breaking effects than themagnetic impurities ~such as Ni21),17–28 in sharp contrast to
the insensitivity of conventional superconductors to nonmag-
netic impurities.29,30 In light of the unconventional response
to static magnetic and nonmagnetic impurities and in search
of possible evidence for spin-charge separation in the
cuprates,31 a feasible experimental approach is to compare
the spin and charge transport in the cuprate superconductors.
Such investigation may be conducted by comparing the cu-
prate response to externally injected simple and spin-
polarized quasiparticles, and the physical description for the
experimental phenomena would involve concepts of non-
equilibrium superconductivity.32
Nonequilibrium superconductivity and its associated phe-
nomena have been studied extensively since the 1970s,33 and
the primary focus of the research has been on the effects of
either simple ~i.e., spin-degenerate! quasiparticle injec-
tion34–38 or photon-induced Cooper-pair breaking and quasi-
particle redistribution39–45 in conventional s-wave supercon-
ductors. The nonequilibrium effects have yielded observation
of both enhancement39–43 and suppression34–38,45 of super-
conductivity. In the rarely studied case of injection of spin-
polarized quasiparticles, two primary effects on the suppres-
sion of superconductivity must be considered.46 One is
associated with the resulting excess magnetic moments that
break the time-reversal symmetry in singlet
superconductors.47 The other is the excess momentum and
the nonequilibrium quasiparticle distribution that modify the
energy spectrum of the superconductor.32,33 In the absence of
significant scattering by either magnetic impurities or spin–
orbit coupling, the transport lifetime of spin-polarized quasi-
particles is expected to be much longer than that of simple
quasiparticles due to the low probability of pair recombina-
tion with other quasiparticles.46 However, the complexity of
the combined effects aforementioned has limited theoretical
development at the microscopic level for spin-polarized qua-
siparticle transport in superconductors.
Spin injection into superconductors can be accomplished
by passing electrical currents through a ferromagnet before
the tunneling across a thin insulating barrier into a
superconductor.48,49 In recent years, the injection of spin-
polarized current in perovskite ferromagnet–insulator–
superconductor ~F-I-S! heterostructures has attracted signifi-
cant experimental interest.50–54 This technique utilizes the
excellent lattice match among various perovskite materials
for epitaxial film growth52 of the heterostructures, and also
takes advantage of the half-metallic ferromagnetism of per-
ovskite manganites55–59 that yield much better spin polariza-
tion than typical metallic ferromagnets. Thus, investigating
the characteristic spin and charge relaxation and transport
processes in the perovskite F-I-S and N-I-S devices can be a
unique vehicle for probing nonequilibrium superconductivity
and possibly the pairing mechanism in the cuprates. Indeed,
strong suppression of the superconducting critical current has
been observed in cuprate superconductors by injecting cur-
rents from the underlying half-metallic ferromagnetic man-
ganite films.50–53,60 In our recent publication,52,53 possible
complications due to Joule heating incurred from large injec-
tion currents through resistive insulator and ferromagnet lay-
ers were minimized by employing a pulsed current
technique.52,53 The resulting experimental data reveal insig-
nificant effects of simple quasiparticle injection in the control
samples of perovskite non-magnetic metal-insulator-
superconductor ~N-I-S! heterostructures, whereas F-I-S
samples with comparable geometry exhibit strong suppres-
sion of critical currents and significant modification to the
quasiparticle density of states ~DOS!.53,54 Consequently, the
experimental findings are attributed to the dynamic pair-
breaking effects of spin-polarized quasiparticles as a result of
excess magnetic moments and quasiparticle
redistribution.52–54
Despite a significant number of experimental reports that
are supportive of the effects of spin-injection in cuprates,
many important issues are yet to be resolved. Experimen-
tally, determining the magnitude and temperature depen-
dence of the spin-relaxation length and time has proven to be
elusive. Theoretically, microscopic interactions of externally
injected spin-polarized quasiparticles with the Cooper pairs
and existing quasiparticles in cuprate superconductors re-
main unknown. Nonetheless, the intrinsic anisotropy in the
cuprate superconducting order parameter due to the predomi-
nant dx22y2-wave pairing symmetry28,61–63 and the weakly
interacting-layered structure64 are expected to be relevant to
the spin and charge transport. For instance, the in-plane
simple quasiparticle recombination time tR in
DyBa2Cu3O72d is found to be significantly longer (tR
’1026 –1025 s) than the typical values (tR
’1029 –1027 s) in conventional superconductors. This phe-
nomenon is attributed to the tendency of simple quasiparti-
cles relaxing towards the zeros of the superconducting gap
and also to the reduced scattering rate of nodal quasiparticlesby phonons.65 In addition to the interaction with nodal qua-
siparticles, quasistatic injection of spin-polarized quasiparti-
cles into the cuprates can suppress the antiferromagnetic cor-
relation in the CuO2 planes, which may result in significant
and long-range effects on the cuprate superconductivity,
similar to the strong influence of nonmagnetic quantum im-
purities in the CuO2 planes.16
In this report, we extend our previous studies of nonequi-
librium superconductivity by quantifying various character-
istics of spin injection in F-I-S with a range of thickness for
the superconducting layer. Studies of N-I-S partner hetero-
structures are also included as controls. By comparing the
degree of critical current suppression DJc in the presence of
external injection at different YBCO thickness, we are able
to infer a rapidly increasing c-axis spin relaxation length near
Tc in F-I-S, while no such divergence exists in the N-I-S
samples. Furthermore, an empirically defined efficiency (h ,
which measures the suppression of critical currents due to
injected quasiparticles!, is studied in detail for both F-I-S and
N-I-S systems. We find that the efficiency in F-I-S is strongly
dependent on temperature and exhibits nonmonotonic depen-
dence on the injection current density (Jin j). In contrast, the
efficiency in N-I-S is smaller than that in F-I-S for all tem-
peratures and is monotonic with Jin j . These results suggest
that spin-polarized quasiparticles exert strong effects on sup-
pressing the cuprate superconductivity, probably due to their
strong influence on the short-range Cu21-Cu21 antiferromag-
netic coupling and the intimate correlation of superconduc-
tivity with the background antiferromagnetism. We also criti-
cally examine several alternative scenarios attempting to
account for the experimental findings without invoking the
effects of spin injection, and find that these alternative sce-
narios are neither compatible with empirical facts nor con-
sistent with any established theory of nonequilibrium super-
conductivity. Finally, we remark that our work is primarily
concerned with the spin and charge transport properties in-
side the superconducting cuprates after quasiparticle trans-
mission across the interfaces of the heterostructures. For in-
depth consideration of quasiparticle transport across the
interface of unconventional superconductors with various
types of metals and for different crystalline axes, the readers
may refer to other theoretical studies66–71 and experimental
investigation.72,73
This paper is structured as follows. In Sec. II the sample
fabrication and characterization together with the experimen-
tal methods are described. The results derived from our ex-
periments are given in Sec. III, with detailed analysis pre-
sented in Sec. IV. A critical examination of several
alternative scenarios is given in Sec. V. Finally, Sec. VI sum-
marizes our findings and the physical implications of the
results.
II. EXPERIMENT
The c-axis-oriented trilayer F~N!-I-S heterostructures
used in this work contained YBa2Cu3O72d ~YBCO! as the
superconductor, SrTiO3 ~STO! as the insulator,
La0.7Sr0.3MnO3 ~LSMO! or La0.7Ca0.3MnO3 ~LCMO! as the
ferromagnet, and LaNiO3 ~LNO! as the nonmagnetic metal.
A number of devices were studied with different thicknesses
of the constituent layers, and for the F-I-S devices, the choice
of either LSMO or LCMO did not yield any discernible
differences.52 The thickness of YBCO ranged from 40 nm to
160 nm, of LSMO or LCMO and of LNO was kept constant
at 100 nm, and of STO was either 2 nm or 3.5 nm. The
samples were fabricated using the pulsed laser deposition
technique on (6 mm36 mm) LaAlO3 ~LAO! substrates,
with either LSMO or LNO as the lower layer and YBCO as
the top layer, and the insulator buffering in between. Details
of the fabrication condition have been given elsewhere.57,58
The close lattice match among the constituent layers of the
perovskite F-I-S and the substrates facilitated epitaxial film
growth,50 thus minimizing strong spin–flip scattering at the
interface and preserving spin polarization during injection.
For electrical contact, each of the YBCO and STO ~LNO!
layers had four gold pads placed on top using sputtering
deposition. The compositional quality of these heterostruc-
tures were examined using x-ray photoelectron spectroscopy
~XPS!.52 To ensure no discernible reaction between layers
during the growth process, XPS studies of bilayers of
YBCO/STO and STO/LSMO on LAO were monitored and
the absence of reaction within ;0.1 atomic percent for at
least the top 10 nm of the YBCO layer was confirmed.
To further verify the quality of samples, electrical trans-
port measurements were performed on both the supercon-
ducting and ferromagnetic layers to determine the normal-
state resistivity rn and the transition temperatures Tc and
TCurie . In addition, scanning tunneling spectroscopy was also
performed on the YBCO layer of the F-I-S and N-I-S
samples, and the superconducting gap value was found to be
consistent with that of the optimally doped YBCO single
crystals.53,54 The LAO substrate was chosen because it had
been demonstrated to be the substrate that yielded minimum
lattice strain and the best magnetization alignment for the
thin-film growth of manganites.57,58,74 Our characterizations
revealed that the resistivity of each constituent layer of the
heterostructures and the Curie temperature (TCurie) of the
ferromagnetic manganites were all comparable to those of
the corresponding single crystalline materials.52 Since the re-
sistivity of the manganite is known to couple strongly to the
magnetic properties and therefore is a characterization for the
quality of the manganite, a manganite layer with resistivity
comparable to that of a single crystal implies large and rela-
tively well aligned ferromagnetic domains.57–59,74. We also
note that the temperature dependence of the resistivity in the
manganite layer always exhibited either a maximum or a
distinct change in slope near TCurie (;260 K for LCMO and
;320 K for LSMO! which was characteristic of high-
quality ferromagnetic manganites.57,58,75 On the other hand,
the superconducting transition temperature (Tc) of YBCO
varied somewhat among devices, ranging from 84 to 90 K,
with no apparent correlation with the YBCO thickness. We
attribute the Tc variation to uncertainties in the substrate
temperature during the thin film growth. Due to the variation
in Tc , the temperature dependence of various physical quan-
tities of YBCO shall be considered in reduced temperature
(T/Tc) rather than absolute temperature T.
The critical current (Ic) measurements of the YBCO were
made with the pulsed current technique, which synchronized
two pulsed current generators that supplied a measurementcurrent through YBCO and an injection current through the
metallic underlayer, reference to a common ground, as illus-
trated in Fig. 1~a!. The advantage of this method was to
FIG. 1. ~a! Block diagram of the pulsed-current measurement
setup. ~b! Representative current-voltage (I-V) characteristics of an
F-I-S sample at (T/Tc)50.46, showing a significant left shift of the
I-V curve and a substantial suppression of Jc upon injection of
currents from a ferromagnetic layer. ~c! Representative I-V charac-
teristics of an N-I-S sample at (T/Tc)50.4, showing a much
smaller left shift of the I-V curve and much weaker suppression of
Jc than those in the F-I-S samples upon injection of comparable
currents from a nonmagnetic layer.
eliminate undesired Joule heating on the YBCO from power
dissipation in the event when high current levels
(,300 mA) passed through the electrical contacts and the
resistive metallic underlayer. A 1:1000 ratio of the pulsed
current width (tw) to period (tp) was chosen, which yielded
a negligible temperature increase (,10 mK) in the YBCO
during maximum current injection, monitored with in situ
thermometry using the resistivity of the manganite. The
pulse width used for this work was tw5300 ms. Also shown
in Fig. 1~a! is a schematic illustration of the dimension of the
as-grown heterostructures and the positions of the electrodes.
The lateral dimension of the LSMO or LNO was (6
36) mm2, and that of the YBCO layer was (632) mm2.
In addition to the as-grown heterostructures described
above, we also attempted measurements on two sets of F-I-S
devices with much smaller lateral dimensions for the YBCO
layer, ~including 1003100 mm2, 103100 mm2, 5
3100 mm2, 23100 mm2, and 13100 mm2), which were
patterned using photolithography and ion milling techniques.
The first set of F-I-S devices were made on YBCO/STO/
LSMO of thicknesses 100 nm/2 nm/100 nm. The second set
were on similar samples of thicknesses 100 nm/3.5 nm/150
nm. We found that the normal-state YBCO layer of the pat-
terned F-I-S samples generally exhibited larger resistivity, by
a factor of 2 to 3, than those of single crystals and as-grown
heterostructures, suggesting some deterioration of the bulk
sample quality after device processing. In particular, among
the various lateral widths of YBCO in the patterned F-I-S
devices, no superconducting transition was observed for the
2 mm and 1 mm devices, although they were electrically
continuous. It is therefore reasonable to infer that the damage
to the edge of the YBCO layer due to the patterning process
extended over a width on the order of a few microns. This
damaged region was comparable to the experimentally esti-
mated transfer length of ;1.8 mm for the first set of F-I-S
and ;3.5 mm for the second set, where the transfer
length76–78 is a measure of the characteristic region in length
that the injected current transfers from the underlying layer
into the YBCO superconductor. Thus, the degree of spin po-
larization for the injected currents in the patterned F-I-S de-
vices might have been much weakened because of strong
magnetic impurity scattering within the damaged region at
the interface. Furthermore, the YBCO layer of the patterned
F-I-S devices exhibited a gradual degradation in both Tc and
Jc0 after each thermal cycling, together with sporadic super-
ficial discoloration after large external current injection.
Similar attempts on patterning N-I-S devices yielded even
worse results, with severe degradation to the samples so that
the YBCO layer was either only superconducting below 20 K
or not superconducting at all down to 4.2 K. Hence, it is
difficult to draw reliable conclusions from data taken on
these patterned devices, pending further improvements on
device processing to achieve better sample quality and ro-
bustness.
In Fig. 1~b!, generic I-V curves of an F-I-S heterostruc-
ture with zero and a finite injection current are shown. The
curve symmetric about the zero-current axis corresponds to
the I-V data in the presence of no current injection. For a
given temperature, we define the current values that drive theYBCO superconductor to register 13 mV and 23 mV
across its voltage terminals (;3 mm apart! as the critical
currents Ic
1 and Ic
2
, respectively. The second curve to the left
shows a shifted I-V curve because of an external injection
current I in j that increases the total current passing through
the superconductor. This effect is present for the injection of
both simple and spin-polarized quasiparticles. The observed
narrowing of the gap in between the Ic
1 and Ic
2 values with
increasing I in j is the result of critical current suppression due
the apparent deterioration of superconductivity from the ex-
ternal perturbation. Therefore, the critical current under qua-
siparticle injection is defined as Ic5(Ic12Ic2)/2, and that in
the absence of quasiparticle injection is Ic0(T). The magni-
tude of the shift in the I-V is related to the amount of current
entering the superconductor from the underlayer current in-
jection and is hereafter defined as I in j . Such shifts are al-
ways present under external injection, as exemplified in Figs.
1~b! and 1~c! for F-I-S and N-I-S samples with comparable
thicknesses of YBCO and similar reduced temperatures. The
critical current density Jc and the injection current density
Jin j are obtained by dividing the corresponding currents by
the cross section of the superconductor. We note in Figs. 1~b!
and 1~c! that suppression in Jc is much more significant in
the F-I-S sample. Additional I-V curves for F-I-S hetero-
structures at other reduced temperatures and for a range of
injection currents are shown in Figs. 2~a! and 2~b! for further
FIG. 2. Representative I-V characteristics of F-I-S samples with
YBCO thickness of ~a! 40 nm at (T/Tc)50.46 and ~b! 160 nm at
(T/Tc)50.33 for a range of injection currents. This illustrates the
significant Jc suppression observed in the thin YBCO heterostruc-
ture ~a!.
comparison.
Besides the effect of injection currents on Jc , we have
also reported previously52 that the low-temperature critical
current density Jc0 in the absence of injection is sensitive to
the thickness of the insulator barrier of the F-I-S heterostruc-
tures, with systematically increasing Jc0 for samples with
thicker insulating barriers and otherwise identical lateral di-
mensions. Similar finding has also been confirmed in our
patterned F-I-S devices. Furthermore, the Jc0 values of N-I-S
samples at low temperatures were larger than the correspond-
ing Jc0 of F-I-S samples with the same lateral dimensions
and barrier thickness. Such a systematic dependence has
ruled out the possibility that self-field induced edge-vortex
dissipation might have been the primary cause of Jc0 sup-
pression with decreasing insulating barrier, and has been at-
tributed to a ‘‘self-injection’’ phenomenon.52,79
It is worth noting that the pulsed-current setup employed
in our experiment involved the use of pulsed-voltage genera-
tors, which linked sources with output impedances compa-
rable to the relevant resistance in the measurement circuit.
This setup therefore resulted in a finite, but small, leakage
current flow through the pulse generator upon the introduc-
tion of injection current from the underlayer. However,
simple circuit analysis and direct calibration had indicated
that the leakage current was less than 10% of the total in-
jected current for all measurements. In principle, decoupled
current paths can be achieved with smaller and lithographi-
cally defined devices and with the use of high output-
impedance current sources. Indeed we have made and stud-
ied several F-I-S devices with smaller lateral dimensions,
ranging from 100 mm to 1 mm. However, due to the afore-
mentioned issues with sample quality and edge damage, ex-
perimental results obtained on these patterned F-I-S devices
were not conclusive. Hence, we shall concentrate on the ex-
perimental studies of the larger as-grown devices in this re-
port, and only return to some of the results obtained on the
patterned devices in Sec. V to address issues concerning al-
ternative hypotheses for the suppression of critical currents
in F-I-S heterostructures.
A useful definition for experimental characterization of
our devices, in normalized current densities, is given by
h~T ,Jin j![
DJc~T ,Jin j!
Jin j
[
@Jc0~T !2Jc~T ,Jin j!#
Jin j
, ~1!
where h is defined as the efficiency of quasiparticle injection
that relates the magnitude of critical current suppression to a
given amount of injection current. The temperature and in-
jection current dependence of the efficiency for the F-I-S and
N-I-S heterostructures with the same YBCO thickness can
provide insightful comparison for the spin and charge trans-
port in the cuprate superconductors.
In addition to the dependence of critical currents on Jin j
and (T/Tc), we have investigated F-I-S and N-I-S samples
with difference thicknesses of YBCO in order to deduce vi-
able information for a characteristic spin relaxation length
(ds). A number of F-I-S devices with different YBCO thick-
nesses (d540 nm, 50 nm, 100 nm, and 160 nm) together
with their corresponding N-I-S control samples (d550 nmand 100 nm) have been fabricated and studied. We note that
the Jc0 values at 4.2 K were not a monotonic function of d,
with Jc055.83104 A/cm2 for d540 nm, 5.2
3104 A/cm2 for d550 nm, 7.03104 A/cm2 for d
5100 nm, and 1.53104 A/cm2 for d5160 nm. Detailed
current-injection effects on these F-I-S and N-I-S samples
are described in the following section.
III. RESULTS
The critical current density (Jc) provides a macroscopic
measure that empirically characterizes the effect of quasipar-
ticle injection on superconductivity. Given a constant thick-
ness of the insulating barrier and the same lateral dimensions
of the superconductor, Jc is determined by the temperature
(T), the injection current density (Jin j), the characteristic
sample dimension ~d! along the direction of quasiparticle
injection, and the microscopic mechanism for quasiparticle
transport across the interface and interaction in the supercon-
ductor. The dependence of Jc on the YBCO thickness is the
result of a finite quasiparticle relaxation length along the c
axis of the superconductor if all other parameters are kept the
same. Through this dependence, we can estimate the c-axis
spin-polarized and simple quasiparticle relaxation lengths by
studying F-I-S and N-I-S with a range of different YBCO
thickness. Two sets of representative Jc-vs-Jin j isotherms
taken on F-I-S heterostructures with d540 and 160 nm are
shown in Figs. 3~a! and 3~b!, respectively. We found that
nearly full suppression of critical current could be achieved
FIG. 3. Jc-vs-Jin j isotherms of ~a! an F-I-S sample with YBCO
thickness d540 nm and Jc055.83104 A/cm2 at 4.2 K; b an
F-I-S sample with YBCO thickness d5160 nm and Jc051.5
3104 A/cm2 at 4.2 K.
at lower reduced temperatures in the F-I-S with a thinner ~40
nm! YBCO than that with a thicker ~160 nm! YBCO F-I-S
heterostructure, with the latter only beginning to exhibit dis-
cernible suppression due to current injection above the re-
duced temperature .0.97. This result is consistent with the
notion of a finite c-axis spin-polarized quasiparticle relax-
ation length. That is, the manifestation of nearly complete
critical current suppression should correlate closely with a
c-axis spin-relaxation length ds
c(T) approaching the YBCO
thickness (d). Thus, we expect spin-polarized quasiparticles
to survive throughout nearly the entire thickness of YBCO
when strong Jc suppression is observed. Under this premise,
studies of the Jc-vs-Jin j isotherms for F-I-S samples with
different YBCO thicknesses can provide a viable measure for
the temperature dependence of the c-axis spin-relaxation
length. In contrast, the relative ratio of critical current sup-
pression by a finite Jin j at a given (T/Tc) was appreciably
smaller in the N-I-S samples, as shown in Refs. 52 and 53
where no discernible Jc suppression could be detected in an
N-I-S sample with a YBCO thickness d5100 nm.
To estimate the c-axis spin-relaxation length ds
c(T) in
YBCO, we empirically related the YBCO thickness d of each
F-I-S heterostructure to a characteristic reduced temperature
@T*(d)/Tc# at which (Jc /Jc0)<0.1 is satisfied under a con-
stant Jin j . This assignment was based on the assumption that
the observation of strong suppression in Jc corresponded to
the condition ds
c→d for (T/Tc)→@T*(d)/Tc# , provided that
the lateral dimensions of all samples were kept identical.
Similar criterion could be applied to the N-I-S samples to
define the c-axis charge relaxation length dQ
c
. The correla-
tion of (T*/Tc) with the corresponding thickness (d) of the
F-I-S heterostructure is shown in Fig. 4, suggesting a char-
acteristic length ds
c @;d for (T/Tc)→(T*/Tc)# increased
rapidly near Tc . The diverging characteristic length was at-
tributed to a vanishing superconducting gap near Tc ,32 and
was only detectable in the F-I-S heterostructures. We further
remark that the diverging behavior in F-I-S samples was un-
likely the result of any extrinsic effect such as systematically
varying quality of YBCO with its thickness for the following
reasons. All F-I-S samples had comparable Tc while their Jc0
values at 4.2 K were not monotonic with increasing film
thickness, with minimum Jc0;1.53104 A/cm2 associated
FIG. 4. Characteristic c-axis spin-relaxation length ds
c as a func-
tion of reduced temperature (T/Tc) for the F-I-S heterostructures.with the sample of maximum thickness d5160 nm. Further-
more, in contrast to the observation in F-I-S samples, no
obvious crossover temperature T* could be found in N-I-S
samples for rapid decrease of Jc with Jin j. Thus, the occur-
rence of strong injection-induced superconductivity suppres-
sion ~with Jc,;0.1Jc0) at larger values of (T*/Tc) for
thicker F-I-S samples could not be ascribed to the result of
better superconductivity in thicker YBCO.
The contrast in the temperature dependence of ds
c and of
dQ
c for the F-I-S and N-I-S samples could be attributed to the
significantly longer lifetime of spin-polarized quasiparticles
relative to that of simple quasiparticles,33,46 so that the injec-
tion of simple quasiparticles did not result in complete sup-
pression of Jc in N-I-S samples for all temperatures of our
studies. In other words, the condition Jc(T ,Jin j),
;0.1Jc0(T) could not be realized in the N-I-S samples
within our experimental resolution,52,53 so that the charge
relaxation length dQ
c appeared to be always smaller than d for
all temperatures of our study. We shall discuss this phenom-
enon and the contrast between F-I-S and N-I-S samples more
quantitatively in Sec. IV.
In addition to the strong dependence of the Jc-vs-Jin j be-
havior on the thickness of F-I-S heterostructures, we also
compared the efficiencies h(T ,Jin j) in F-I-S and N-I-S
samples, which were considered to better quantify the sup-
pression of Jc due to nonequilibrium quasiparticle injection.
Our definition of the efficiency in Eq. ~1! is equivalent to the
definition of a ‘‘gain’’ in the devices by others.50,51 As shown
in Figs. 5~a! and 5~b!, a distinct contrast was observed be-
tween the isotherms of the efficiency in F-I-S (hs) and those
in N-I-S (hn) devices as a function of Jin j . In general, hs in
F-I-S was significantly larger than the corresponding hn in
N-I-S for all reduced temperatures. Evidently, an anomalous
strong decrease in hs with increasing Jin j was found only in
F-I-S samples at low temperatures. Furthermore, for reduced
temperatures 0.16<(T/Tc)<0.31 in F-I-S, hs exhibited a
nonmonotonic dependence with Jin j , and then became
monotonically increasing with Jin j for 0.31,(T/Tc),1. In-
terestingly, we note that at low spin-polarized quasiparticle
injections, the ‘‘gain’’ was actually greater than unity. In con-
trast, hn for the control N-I-S devices appeared to increase
monotonically with Jin j at all temperatures, and the magni-
tude of hn was always much smaller than unity.
IV. ANALYSIS
The seemingly surprising contrast between the F-I-S and
N-I-S samples may be understood in the context of different
quasiparticle relaxation mechanisms and nonequilibrium
quasiparticle distributions. Generally speaking, an adequate
description for nonequilibrium superconductivity must in-
volve consideration of the quasiparticle energy Ek and the
quasiparticle distribution function f k in the superconductor,
where k denotes the quasiparticle momentum. In principle,
an explicit expression for Ek can be obtained by solving the
Bogoliubov–de Gennes equations,32,80 provided that the ex-
act Hamiltonian H for the superconductor is known. In ther-
modynamic equilibrium, the quasiparticle energy associated
with the unperturbed Hamiltonian H0 is Ek05(Dk21jk2)1/2,
where jk([«k2«F) is the single particle energy «k relative
to the Fermi level «F , and Dk is the pairing potential.32,80
For an s-wave superconductor Dk is a constant, whereas for a
pure dx22y2-pairing superconductor, Dk’Dd cos 2uk , and uk
is an angle measured from one of the antinodes of the order
parameter in momentum space.1,2 The injection of external
quasiparticles is expected to interact with the superconductor
through an interaction Hamiltonian HI and to modify the
quasiparticle energy and the distribution of quasiparticle
states through the total Hamiltonian H5H01HI , provided
that the perturbative approximation is valid. In the absence
of available theory for nonequilibrium quasiparticle distribu-
tions in a strongly correlated d-wave superconductor, we
consider in the following analyses of our data based on con-
ventional theory of nonequilibrium superconductivity, and
discuss the implication of results thus derived from F-I-S and
N-I-S samples.
Consider a simple case where a uniform supercurrent with
a velocity vW s5JW s /(nse) exists in the superconductor. The
finite momentum associated with the supercurrent Js is found
to change the quasiparticle energy Ekn and the distribution
function f kn as follows:32
FIG. 5. ~a! Efficiency hs-vs-Jin j isotherms of an F-I-S sample
with YBCO thickness d540 nm. Inset: Simulated results using Eq.
~8!. ~b! Efficiency hn-vs-Jin j isotherms of an N-I-S sample with
YBCO thickness d550 nm. Inset: Simulated results using Eq. ~3!.Ekn5Ek01\kFvs /m*[Ek01dEJ ,
f kn5$11exp@Ekn /~kBT !#%21, ~2!
where kF is the quasiparticle momentum at the Fermi level.
Using the dx22y2-wave pairing potential in optimally doped
YBCO with Dd’30 meV,61–63 and the single particle ener-
gies «k derived from the tight-binding band structure
calculations81 with parameters tabulated in Table I, we find
that Ek0@udEJu is satisfied for typical supercurrents (Jc
5104 –105 A/cm2 for T!Tc) sustainable in the YBCO su-
perconducting layers. Thus, we expect f kn;0.
In the event that a quasiparticle current Jin j is externally
injected into a superconductor that already carries a super-
current, the situation becomes more complex because the
externally injected quasiparticles must redistribute them-
selves among available states that obey the Pauli exclusion
principle for fermions, and the redistribution must involve
inelastic and elastic scattering processes. Therefore the in-
jected quasiparticle momenta relative to the supercurrent di-
rection and the lattice momenta are not well defined due to
the involvement of scattering processes,32 and it is not un-
common that a current-carrying superconductor with an ini-
tial supercurrent Js can remain superconducting under an
external injection current Jin j such that the sum of Jin j and
Js exceeds the critical current Jc0 of the superconductor,32 as
exemplified in Figs. 1~b! and 2~a!. Nonetheless, we find that
the simple sum of the maximum injection current density and
the supercurrent density still yields max@\kW F(JW s
1JW in j)/(nse)#!Ek0 at low temperatures. Thus, the excess
momentum due to external quasiparticle injection is insuffi-
cient to yield significant redistribution of quasiparticles. For
N-I-S samples with relatively thin YBCO, the small yet
monotonically increasing DJc with increasing Jin j and in-
creasing T @see Fig. 5~b!# should be attributed primarily to
the increasing normal fluid density and the suppression of the
superconducting phase stiffness.
More specifically, the efficiency associated with simple
quasiparticle injection in the N-I-S samples may be given by
the following phenomenological expression:
hn[
1
N0 (k ~122 f kn!cn~T !g~Jin j!’cn~T !g~Jin j!, ~3!
TABLE I. The values and references of various physical param-
eters used in computing hs and Ds
c are tabulated. Here t and t8 are
the nearest- and next-nearest-neighbor interaction integrals in the
two-dimensional tight-binding model for the normal state energy
band structure «k of the CuO2 plane ~Ref. 81!.
Parameter Value Comment
Dd 30 meV Eqs. ~2!, ~4!
«F 0.51 eV Ref. 81
t 0.18 eV Eq. ~4!; Ref. 81
t8 50 meV Eq. ~4!; Ref. 81
g 1.02 Eq. ~4!; Ref. 81
vF 23105 m/s2 Eq. ~10!
l tr
c ;1 nm Eq. ~10!
where N0 denotes the total number of quasiparticle states,
cn(T) is associated with the temperature-dependent fraction
of the normal fluid and is a monotonic function of T, g(Jin j)
reflects the weakening of the superconducting phase stiffness
under increasing Jin j and is a monotonic function of Jin j ,
and the quantity (122 f kn) ensures no double occupancy of
the quasiparticle states. However, we have found f kn’0 for
the entire range of T and Jin j of our interest, so that
N0
21(k(122 f kn)’1. Empirically, we find that cn(T);$1
2@12(T/Tc)#n% where 0.5,n,0.9 and g(Jin j);(Jin j)0.85.
The simulated example of hn-vs-Jin j isotherms using Eq. ~3!
and the values n’0.6 and a’0.85 are shown in the inset of
Fig. 5~b! for comparison with the experimental data.
In contrast, significantly different response of the cuprate
superconductors to the injection of spin-polarized quasiparti-
cles is expected because of their relatively longer lifetime
and their strong effects on suppressing the Cu21 –Cu21 an-
tiferromagnetic correlation. Although we do not know the
exact interaction Hamiltonian for the spin-polarized quasi-
particles in the cuprate superconductors and therefore cannot
obtain the quasiparticle energy Eks , it seems informative to
estimate the approximate quasiparticle energy by applying
conventional theory for nonequilibrium quasiparticle distri-
bution under charged particle injection to the cuprate super-
conductors. That is, we assume the validity of perturbative
approximation as manfested by an effective chemical poten-
tial shift m* in the single particle energy jk .32,34,37 Noting
that Jc is obtained by identifying the onset of dissipation
where the maximum magnitude of the dx22y2-wave super-
conducting gap has been driven to a small value, we consider
the situation similar to that for a gapless superconductor.80
Thus, the quasiparticle energy under spin injection may be
approximated by
Eks5@~jk2m*!21Dk
2#1/2’ujk2m*uF 11 Dk22~jk2m*!2G ,
~4!
where Dk!ujk2m*u, and the corresponding quasiparticle
distribution function becomes
f ks~T ,Jin j!51/$11exp@Eks /~kBT !#%. ~5!
The chemical potential shift per quasiparticle m* due to spin
injection must satisfy the conditions m*→0 for Jin j→0 and
m*→ constant [m00* for large Jin j and low temperatures,
where m00* is a constant. Therefore a reasonable approxima-
tion for m* can be given by m*5m00* tanh(c1Jinj /kBT), and
the physical significance of the functional form
tanh(c1Jinj /kBT) is consistent with the average spin polariza-
tion ~P! per quasiparticle in the superconductor. Here c1Jin j
5mB@m0(^ms&P/V)# is associated with the effective field
energy, ^ms& denotes the excess magnetic moments in the
superconductor due to spin injection, mB is the Bohr magne-
ton, m0 is the vacuum permeability, and V5Ad is the su-
perconducting volume. In the absence of a known interaction
Hamiltonian, m00* and c1 are positive quantities to be deter-
mined empirically. On the other hand, simple dimensional
analysis yields^ms&5~mB /e !I in jts5~mB /e !~Jin jAts!, ~6!
where ts is the spin-dephasing time.
Anticipating suppression in the critical current density
due to the presence of excess magnetic moments, we may
related DJc to the effective magnetization (^ms&P/V) ad-
justed by the available quasiparticle states. That is,
DJc[~Jc02Jc!}(
k
~122 f ks!~^ms&P/V!
}(
k
~122 f ks!Jin j tanh~c1Jin j /kBT !, ~7!
where the effective magnetization (^ms&P/V) takes the form
of the Brillouin function for a spin-1/2 system, and the quan-
tity (122 f ks) ensures no double occupancy in the quasipar-
ticle states. As a result, hs becomes
hs[DJc /Jin j;
1
N0 (k ~122 f ks!tanh~c1Jin j /kBT !. ~8!
Strictly speaking, the quantity (122 f ks) in Eq. ~8! should
have been written as (12 f ↑2 f ↓), where the ↑ spin polariza-
tion corresponds to that parallel to the effective magnetic
field induced by the excess magnetic moments. However, the
effective field can be shown to be very small, as discussed in
Sec. V. Consequently, we find (12 f ↑2 f ↓)’(122 f ks).
Following the analysis outlined above and inserting the
relevant experimental parameters as tabulated in Table I into
Eq. ~8!, we obtained results similar to the experimental find-
ings for the F-I-S sample with the thinnest YBCO in which
the effects of spin injection were fully realized over a wide
temperature range, as shown in the inset of Fig. 5~a!. How-
ever, a quantitative agreement with the experimental data for
the thinnest F-I-S sample could only be achieved by invok-
ing a large chemical potential shift m00* associated with f ks ,
so that m* varied from ;700 meV at T!Tc to ;45 meV
at T→Tc . These values are unusually large, comparable to
the band structure parameters. Interestingly, the empirical
value m00* for T!Tc is comparable to 4Jex in the YBCO
system, where Jex is the nearest-neighbor antiferromagnetic
coupling constant, and the factor of 4 corresponds to the
number of nearest neighbors in the square lattice of the CuO2
plane. While these large values of m00* (T) are likely unphysi-
cal and should not be taken literally because of the question-
able validity of applying conventional theory to cuprate su-
perconductivity, the following conclusions may be drawn
from our analyses. First, the large magnitude of m00* found
only in F-I-S implies strong effects of spin injection on cu-
prate superconductors, as opposed to the negligible change in
the chemical potential of N-I-S samples under current injec-
tion. Second, the large m00* values in F-I-S suggest the break-
down of conventional perturbative approximation to the in-
teraction Hamiltonian of nonequilibrium superconductors.
That is, a valid perturbative approximation would have
yielded a small chemical potential shift relative to the rel-
evant band structure parameters in the single-particle energy
jk . That the chemical potential shift derived from perturba-
tive approximation turned out to be comparable to the band
structure parameters is suggestive of strong interaction ef-
fects associated with spin-polarized quasiparticles in cuprate
superconductors.
Despite the uncertainty in the magnitude of the chemical
potential, the temperature dependence of m* is directly re-
lated to that of the effective magnetization, and therefore can
provide information for the spin-relaxation process. In par-
ticular, for the F-I-S sample with the thinnest YBCO layer
(d540 nm), the spin-injection effects were already realized
at low temperatures, suggesting that the c-axis spin-
relaxation length was either comparable to or exceeding the
sample thickness over most temperatures of our investiga-
tion. Hence, the temperature evolution of the spin-dependent
information deduced from those data may be considered to
be primarily associated with that of the in-plane spin relax-
ation. In contrast, measurements on F-I-S samples with
thicker YBCO contained convoluted information for both the
c-axis and in-plane spin-relaxation processes over most tem-
peratures except near Tc , and therefore could not be used to
infer direct information associated with the in-plane spin re-
laxation. Thus, the empirically determined coefficient c1(T)
in Eq. ~8! for the F-I-S sample with d540 nm could be
approximately related to an effective in-plane spin-relaxation
time ts(T) by c1(T)’m0mB2 ts /(ed), and we find that ts(T)
ranges from ;1024 s at T!Tc to ;1026 s at T→Tc2 .
Such a long characteristic time scale is comparable to the
spin-spin relaxation time obtained from the nuclear qua-
druple resonance ~NQR! experiments,82 and is approximately
one-to-two orders of magnitude longer than the in-plane
simple quasiparticle recombination time determined from
measurements of photoinduced activation of microwave
absorption.65
The above phenomenological analyses suggest that the
injection of spin-polarized quasiparticles in YBCO appeared
to exert strong influence on the microscopic quasiparticle
energy and density of states ~DOS!, probably through ex-
change interaction with the short-range Cu21 –Cu21 antifer-
romagnetic correlation. Furthermore, the slower relaxation of
spin-polarized quasiparticles relative to the already long re-
combination time of simple quasiparticles65 appeared reason-
able because of the further reduced probability of quasipar-
ticle recombination before excess spin polarization can be
relaxed. It is also interesting to compare the transport data
presented here with our scanning tunneling spectroscopic
studies of YBCO in the F-I-S and N-I-S heterostructures that
revealed significantly modified quasiparticle DOS at 4.2 K
under spin injection and no discernible changes under simple
quasiparticle injection.54 The spectroscopic studies are not
only supportive for our finding of significantly longer relax-
ation time of spin-polarized quasiparticles relative to that of
simple quasiparticles, but also suggestive of direct influence
of spin injection on the microscopic states of the cuprates.
Next, we consider the appearance of a diverging spin-
relaxation length near Tc . In conventional superconductors,
it is known that the characteristic quasiparticle relaxation
time tQ can diverge near Tc due to the vanishing supercon-
ducting gap D(T) through the following relation32,33tQ~T !’
4tEkBTc
pD~T ! , ~9!
where tE is the inelastic electron-phonon scattering time, and
D(T)5D0@12(T/Tc)#n, with D0 being the zero-temperature
superconducting gap and n the order-parameter critical ex-
ponent. This diverging behavior gives rise to stronger effects
of quasiparticle injection with increasing temperature near
Tc . The temperature interval for revealing such divergence
depends on the critical fluctuation regime and also on the
temperature dependence of tE , and is generally very narrow
in conventional superconductors, because tQ decreases rap-
idly with decreasing temperature and competes with other
characteristic times ~such as the quasiparticle recombination
time! at low temperatures. On the other hand, the critical
fluctuation regime of cuprate superconductors is known to be
several orders of magnitude larger than that of the conven-
tional superconductors.83 In the case of YBCO, the critical
regime associated with the zero-field transition temperature
Tc is estimated at approximately 1% –10% of Tc . Hence, it
is in principle more promising to observe this diverging qua-
siparticle relaxation length in the cuprates near Tc .
In the preceding section, we have attributed the rapidly
increasing characteristic length near Tc in the F-I-S samples
~see Fig. 4! to the c-axis spin-relaxation length ds
c
. Whereas
the transport of spin-polarized quasiparticles actually took
place along both in-plane and c axis, this attribution is still
reasonable because the c-axis dimensions of all F-I-S
samples were several orders of magnitude smaller than the
lateral dimensions and therefore were most sensitive to the
crossover of a c-axis relaxation length to the sample thick-
ness. Consequently, the temperature dependence of ds
c could
be related to a c-axis spin-relaxation time ts
c
, at least semi-
quantitatively. If the spin transport along the c axis is diffu-
sive and if no spin-charge separation exists, we have ds
c
5ADsctsc, where Dsc5(vFl trc )/(3lso) is the c-axis spin-
diffusion coefficient and l tr
c is the transport mean-free path
along the c axis, lso(;0.1) is the dimensionless spin–orbit
coupling constant,31 and ts
c is associated with the inelastic
spin–orbit scattering time tso via a relation similar to that in
Eq. ~9!:
ts
c~T !’
4tsokBTc
p^uDk~T !u&k
. ~10!
Here ^uDk(T)u&k denotes the angular average of the d-wave
gap, and the temperature dependence of uDk(T)u is approxi-
mated by uDk(T)u;@12(T/Tc)#n. Assuming that tso is a
weak function of the temperature, we compare the ds
c value
(;40 nm) at (T/Tc)50.1 with that (;160 nm) at (T/Tc)
50.9 and use Eq. ~10! to obtain the order-parameter expo-
nent n’0.65, which is consistent with the exponent n52/3
for the XY model. Furthermore, using Eq. ~10!, the physical
parameters vF and l tr
c listed in Table I, and the empirical
values of ds
c(T), we find tso’10211–10210 s, which is con-
sistent with the theoretical estimate for spin-orbit
interaction.31 We therefore suggest that c-axis spin-relaxation
mechanism may be dominated by the spin-orbit interaction,
and the relaxation time ts
c is substantially shorter than that
associated with the in-plane spin relaxation, implying aniso-
tropic spin transport.
Concerning the c-axis simple quasiparticle transport, we
remark that the overall effects of current injection in the
N-I-S samples depend strongly on the transmission and en-
ergy relaxation of simple quasiparticles along the c axis, and
are therefore sensitive to the inter-planar inelastic scattering
mechanism in addition to the in-plane quasiparticle recombi-
nation. Given that the c-axis dimensions of the N-I-S
samples were much smaller than the lateral dimensions, the
overall effects of simple quasiparticle injection should be
primarily determined by the magnitude of the c-axis simple
quasiparticle relaxation length dn
c relative to the sample
thickness, even though the in-plane recombination time of
excess simple quasiparticles can be relatively long due to the
existence of nodes in the pairing potential.65 Taking Eq. ~9!
and the typical electron-phonon scattering time in the cu-
prates, tE;10211 s for (T/Tc)!1 and tE;10213 s for
(T/Tc)→1, we obtained dnc5ADnctQ that ranges from
;20 nm at (T/Tc);0.1 to ,;5 nm at (T/Tc);0.9,
where Dn
c5vFltr
c /3 is the charge diffusion coefficient along
the c-axis. These estimates are consistent with the negligible
effect of current injection in the N-I-S samples with a thick
superconducting layer (;100 nm), and the finite ~although
relatively small! suppression of Jc in those N-I-S samples
with a thin superconducting layer (;50 nm!. Due to the
rapid decrease in the electron-phonon scattering time tE with
T near Tc , a diverging dn
c(T) can only be expected if tem-
perature becomes sufficiently close to Tc so that the increas-
ing value of ^D(T)&21 with T compensates for the decreas-
ing tE(T). A simple estimate using Eq. ~9! suggests that
0.999Tc,T,Tc would be necessary to manifest the diverg-
ing simple quasiparticle relaxation length, which is beyond
our experimental resolution for measurements of the corre-
sponding Jc .
V. DISCUSSION
The phenomenological analyses based on conventional
theory of nonequilibrium superconductivity in the preceding
section suggest significant effects of spin-injection on cu-
prate superconductivity and anisotropic spin transport, with
spin relaxation probably dominated by the spin-orbit interac-
tion along c axis and by the exchange interaction within the
CuO2 plane. Under the premise of high-quality F-I-S hetero-
structures and interfaces, the significant influence of spin-
polarized quasiparticles on the microscopic DOS is likely
unique to the cuprate superconductors because of the strong
correlation between the conducting holes and spin
fluctuations.3,9,10 Such drastic dynamic effects on cuprate su-
perconductivity are reminiscent of the strong suppression of
superconductivity and long-range effects induced by static
nonmagnetic impurities that substitute the Cu21 ions in the
CuO2 planes.17–28 The short-range antiferromagnetic correla-
tion has been considered to play a significant role in the
cuprate superconductivity, and the static nonmagnetic impu-
rities in the p-type cuprates are believed to have broken theantiferromagnetic correlation of Cu21 ions,16 thus inducing
localized magnetic moments and resulting in suppression of
the collective spin excitation and the global pairing
potential.21,24,25,27,28 Similarly, we consider that the continu-
ous injection of spin-polarized quasiparticles into the cuprate
superconductors has effectively resulted in a quasistatic fer-
romagnetic perturbation to the antiferromagnetic correlation
in the CuO2 planes, thereby yielding strong effects and slow
relaxation in the quasiparticle spectra.
Next, we comment on the possible relevance of paramag-
netic effect80,84 to the observed suppression of cuprate super-
conductivity due to spin injection. We consider the spatially
averaged effective magnetic induction Be f f due to an injected
spin-polarized current density Jin j . Assuming that the c-axis
spin dephasing time ts
c and taking the polarization P51 for
simplicity, we obtain an upper bound for Be f f :
Be f f<m0~mB /e !~Jin jts
c/d !, ~11!
where ts
c is related to tso as given in Eq. ~10!. Thus, we
obtained Be f f;1024 Tesla for d5100 nm and Jin j
5105 A/cm2. This effective field is clearly insignificant
compared with any critical fields of the superconductor, thus
cannot account for the strong suppression of superconductiv-
ity under the injection of spin-polarized quasiparticles.
For completeness, we discuss in the following the possi-
bility that the suppression of critical currents might be a
spurious effect associated with the summation of an initial
supercurrent and an externally injected current, as recently
suggested in Ref. 85, and then comment on the preliminary
data taken on patterned F-I-S heterostructures. One may con-
jecture that as the externally injected current from the man-
ganite underlayer enter the superconductor uniformly in a
direction transverse to the Js measurement current in the
superconductor, as shown in Fig. 6~a!, this injected current
would affect the measurements of Jc
1 and Jc
2 values differ-
ently due to the spatial variation in the local current density
inside the superconductor. That is, one might assume that
J1(y)5Js1(y /L)Jin j and J2(y)52Js1(y /L)Jin j , where
L is the length of YBCO along the Js direction, Jsi yˆ , and
further conjecture that the I-V characteristics of the entire
superconductor would be solely determined by small resis-
tive regions in the superconductor. More specifically, an ap-
parent suppression of the measured Jc would be expected
because Jc
1 would be reduced by Jin j due to its direct addi-
tion of Jin j while Jc
2 would be unaffected and remains the
same as Jc0.85 However, upon closer scrutiny, we believe
that such a hypothetical scenario has no merits for a number
of reasons.
Empirically, all existing data derived from the as-grown
and patterned devices can unambiguously rule out the
current-summation scenario as the explanation for our obser-
vation. First, had the summing of currents as depicted in Fig.
6~a! been the dominating cause for the suppression in Jc , we
would have found no change in uJc
2u and significant suppres-
sion only in uJc
1u. However, such behavior has never been
observed in any of our as-grown or patterned samples. Sec-
ond, this two-dimensional geometrical effect would have re-
sulted in a constant efficiency h51/2, for all Jin j at all tem-
peratures, and for all samples, regardless of the sample types
~i.e., F-I-S vs N-I-S! and the constituent layer thickness. This
clearly is contradicted by the experimental data shown in
Figs. 5~a! and 5~b! for the as-grown heterostructures and in
Fig. 6~c! on the patterned samples where h varies signifi-
cantly with T and Jin j . In addition, for as-grown samples, no
appreciable suppression in Jc could be detected in the F-I-S
devices with either a thicker superconducting layer (d
FIG. 6. ~a! Hypothetical current flow patterns in the YBCO
layer of the F-I-S heterostructure under external current injection
from the manganite. The initial current in YBCO is Js along 6yˆ
direction, and the external current enters the superconductor ini-
tially along the xˆ direction. ~b! I-V characteristics of a patterned
F-I-S sample under injection currents from 0 to 2.65
3104 A/cm2. The lateral dimension of the superconductor is
(1003100) mm2, and the layer thicknesses are as indicated. ~c!
The dashed line represents the requisite observation of efficiency h
equaling a constant 1/2, if the geometrical effect of current summa-
tion in ~a! were correct. The lower solid line is the result derived
from ~b!, with the efficiency h varying continuously with Jin j. The
upper solid line is derived from another patterned F-I-S sample of
(103100) mm2 lateral dimension and thicknesses as indicated,
with h50.17. Clearly, the data do not support the current-
summation scenario proposed in ~a!.5160 nm) @see Fig. 3~b!# or a thicker insulating barrier ~10
nm! ~Ref. 52! at all temperatures except very near Tc2 , im-
plying h! 12 . Similarly, no discernible Jc suppression could
be found in the control N-I-S heterostructure with d
5100 nm,52 implying hn;0 for a wide range of tempera-
ture. Third, the simple current-summation scenario would as-
sert that Jc50 if Jin j>2Jc0 for all heterostructures at all
temperatures, which is at odds with the data shown in Fig.
1~c! for a control N-I-S sample. As mentioned previously in
Sec. IV, such finding in the N-I-S samples is a clear revela-
tion of the uncertainties in the injected quasiparticle
momentum.32 Fourth, we note that the experimental results
by Vas’ko et al.50 have demonstrated that the suppression Jc
in spin-injection devices is independent of the direction of
current injection relative to the supercurrent, which further
corroborate the notion that the positions of external elec-
trodes do not provide well-defined supercurrent distribution
within a superconductor. Finally, our previous scanning tun-
neling spectroscopic ~STS! studies of the YBCO layer in
both F-I-S and N-I-S heterostructures had demonstrated dis-
tinct changes in the quasiparticle DOS only under spin injec-
tion. The STS experiments were performed with Jin j>0 and
Js50 at all times; hence, no complications from current ad-
dition were involved. Thus, we conclude that all experimen-
tal data to date clearly rule out the possibility of current
summation as an alternative explanation for Jc suppression
in perovskite F-I-S devices.
From the theoretical viewpoints, the current-summation
scenario assumes that the injected quasiparticles follow a
well-defined current path, which immediately turn after en-
tering the superconductor, flow toward the common-ground
terminal, and exit the superconductor after aggregating at
that end of the superconductor, as depicted in Fig. 6~a!. In
other words, although the incident quasiparticle momentum
was along the c axis, only the final momentum parallel to the
direction of the supercurrent in the CuO2 planes was consid-
ered relevant. Such approach is unjustified for the following
reasons. First, the hypothetical geometric effect for a par-
tially varying total current density in the superconductor
would have resulted in a phase gradient in the order param-
eter throughout the superconductor. Such a gradient would
have incurred phase slippage and vortex formation in the
superconductor, and the interaction of the nonuniform cur-
rents with vortices would tend to redistribute the currents
more uniformly to minimize the phase gradient. Thus, the
real current distribution inside the superconductor is ex-
pected to deviate from the direct sum of currents as depicted
in Fig. 6~a!. Second, the dynamic nature associated with the
initial interaction of the injected quasiparticles with the su-
perconductor plays a very important role in determining the
nonequilibrium superconducting properties, such as the over-
all quasiparticle energy and the DOS. These important pro-
cesses such as the quasiparticle redistribution and pair re-
combination could not be neglected unless the quasiparticle
relaxation times were sufficiently short so that the corre-
sponding characteristic lengths were much smaller than the
sample dimensions. However, as we have estimated in Sec.
IV, the in-plane spin-relaxation time could range from
1024 s at (T/Tc)!1 to 1026 s at (T/Tc)→1, so that the
in-plane spin-relaxation length was on the order of
1024 –1023 m, comparable to the device dimension. The
nonequilibrium effect of spin-polarized quasiparticles ap-
peared to be long range at all temperatures in F-I-S samples
with thin YBCO, and therefore cannot be neglected. Third,
the current-summation scenario ignores the dependence of
quasiparticle transmission across interfaces on the degree of
spin polarization, the quasiparticle energy, the no double oc-
cupancy constraint, and the interface properties. Such simpli-
fication is neither theoretically rigorous nor empirically com-
patible with experimental data.
In an earlier study of an N-I-S heterostructure,86,87 a sup-
pression of Jc
1 obtained was attributed to the effect of current
summation in Ref. 85. Upon closer inspection of the experi-
ments, it can be ascertained that the critical current had been
determined only in one supercurrent direction (Jc1), while
the reversal of polarity was done to the injection current in
the measurements. In reality, the experimental procedure in
Ref. 87 gave rise to a branch imbalance effect associated
with the injection of charged quasiparticles.32 That is, revers-
ing the polarity of the injection gate current actually changed
the injected quasiparticles from predominately electronlike
to holelike in character, or vice versa. It is known that a
complete description for the branch imbalance effect must
include studies of both polarities of the bias voltage.32 Simi-
larly, showing the full Jc behavior requires the mapping of
both Jc
1 and Jc
2 values, but no results for Jc
2 were reported
in Ref. 87. Therefore, the current summation conjecture re-
mains unsubstantiated, contrary to the assertion in Ref. 85.
We note, however, that the effect of Jc suppression due to
spin injection is weaker in the patterned F-I-S relative to the
as-grown F-I-S devices, as shown in Fig. 6. In particular, for
the patterned F-I-S samples of thicknesses 100 nm/2 nm/100
nm, we find that h’0.17 at T54.2 K, while at higher tem-
peratures, no discernible Jc suppression ~i.e., h’0) is ob-
served even with Jin j.2Jc . As described in Sec. II, the
constituent layers of most patterned F-I-S heterostructures
have shown substantial degradation particularly near the
edge of the YBCO layer. Consequently, the degree of spin
polarization is likely to be significantly compromised. Fur-
thermore, severe interface magnetic scattering becomes
likely as the result of overall material degradation. Thus, the
weaker spin-injection effect on the patterned F-I-S devices is
not conclusive, and should not be considered as inconsistent
with our estimated long in-plane spin-relaxation length.
However, ultimate empirical verification for the in-plane
spin-relaxation length awaits successful fabrication of high-
quality patterned F-I-S and N-I-S devices.
On the magnitude of the efficiencies h associated with
both F-I-S and N-I-S heterostructures, we note that they are
generally small except at low temperatures in the F-I-S. This
is not entirely surprising because the YBCO superconductor
is known to have d-wave pairing symmetry, which is gapless
along the nodal directions. The pre-existence of thermally
excited quasiparticles diminishes the significance of those
injected externally. Only in the low temperature regime,
where the nonequilibrium effects become significant, does
one observe larger h in the spin-polarized quasiparticle in-
jection. Similar findings of small efficiencies under injectionhave been confirmed by a different experimental technique
through magnetization measurements of YBCO films.88
Finally, based on the phenomenological analysis of our
experimental data outlined in this paper, we remark that the
bulk nonequilibrium effects in perovskite F-I-S and N-I-S
heterostructures appear to be conceptually consistent with
the general descriptions for quasiparticles. In other words,
there is no obvious need to invoke spin-charge separation in
the superconducting state to account for the spin and charge
transport behavior in the cuprates.
VI. CONCLUSION
We have conducted systematic studies of the critical cur-
rent density (Jc) in perovskite F-I-S and N-I-S heterostruc-
ture with different thicknesses of the superconducting layer,
and have demonstrated sharp contrasts between the tempera-
ture and injection current dependence of F-I-S and of N-I-S.
Within experimental uncertainties, the strong suppression of
superconductivity in F-I-S due to current injection cannot be
trivially explained by either the paramagnetic effect or a
simple current-summation effect. Phenomenological analy-
ses of our data suggest that the strong influence of spin-
polarized quasiparticles on Jc and on the quasiparticle den-
sity of states of F-I-S samples may be due to their
suppression of the antiferromagnetic correlation in the CuO2
planes of the superconducting cuprate. Assuming the appli-
cability of conventional theory of nonequilibrium supercon-
ductivity, the strong effects of spin-polarized quasiparticles
are manifested by the long in-plane spin-relaxation time and
large shift in the chemical potential derived herewith. In con-
trast, no discernible chemical potential shift can be found in
the N-I-S samples using the same analysis. The strong effects
of spin-polarized quasiparticles are probably unique to the
cuprates and other superconductors that exhibit coexistence
of antiferromagnetic correlation and superconductivity, and
are reminiscent of the significant suppression of supercon-
ductivity due to nonmagnetic impurities in the CuO2 planes.
In contrast to the in-plane spin relaxation mechanism via
exchange interaction, the c-axis spin-transport mechanism
may be dominated by inelastic spin-orbit interaction. Al-
though more accurate determination for the spin-relaxation
times awaits successful fabrication of patterned devices with
well-defined geometry and high-quality interfaces, our work
has demonstrated phenomena of nonequilibrium supercon-
ductivity in cuprate superconductors and the strong effects of
spin injection. Further theoretical studies for the microscopic
interaction of spin-polarized quasiparticles with the back-
ground antiferromagnetic correlation in the highly aniso-
tropic d-wave cuprates will be necessary to provide better
understanding of the data.
ACKNOWLEDGMENTS
The work at Caltech was jointly supported by NSF Grant
No. DMR-0103045 and NASA/OSS. We are grateful to Dr.
R. P. Vasquez at the Jet Propulsion Laboratory for providing
the F-I-S and N-I-S heterostructures, performing the XPS
characterization, and for useful discussions.
1 D.J.V. Harlingen, Rev. Mod. Phys. 67, 515 ~1995!.
2 C.C. Tsuei and J.R. Kirtley, Rev. Mod. Phys. 72, 969 ~2000!, and
references therein.
3 D. Pines, Physica C 282–287, 273 ~1993!.
4 P.W. Anderson, Science 235, 1196 ~1987!.
5 G. Kotliar, Phys. Rev. B 37, 3664 ~1988!.
6 P.A. Lee and X.G. Wen, Phys. Rev. Lett. 78, 4111 ~1997!.
7 V.J. Emery, S.A. Kivelson, and O. Zachar, Phys. Rev. B 56, 6120
~1997!.
8 G. Siebold, C. Castellani, D. DiCastro, and M. Grilli, Phys. Rev.
B 58, 13 506 ~1998!.
9 J. Orenstein and A.J. Millis, Science 288, 468 ~2000!.
10 S. Sachdev, Science 288, 475 ~2000!.
11 C.M. Varma, Phys. Rev. B 55, 14 554 ~1997!.
12 A.V. Balatsky, M.I. Salkola, and A. Rosengren, Phys. Rev. B 51,
15 547 ~1995!.
13 M.E. Flatte and J.M. Byers, Phys. Rev. Lett. 80, 4546 ~1998!.
14 M.I. Salkola and J.R. Schrieffer, Phys. Rev. B 58, R5952 ~1998!.
15 S. Haas and K. Maki, Phys. Rev. Lett. 85, 2172 ~2000!.
16 A. Polkovnikov, S. Sachdev, and M. Vojta, Phys. Rev. Lett. 86,
296 ~2001!.
17 H. Alloul, P. Mendels, H. Casalta, J.F. Maruicco, and J. Arabski,
Phys. Rev. Lett. 67, 3140 ~1991!.
18 T. Miyatake, K. Yamaguchi, T. Takata, N. Koshizuka, and S.
Tanaka, Phys. Rev. B 44, 10 139 ~1991!.
19 G.-q. Zheng, T. Odaguchi, Y. Kitaoka, K. Asayama, Y. Kodama,
K. Mizuhashi, and S. Uchida, Physica C 263, 367 ~1996!.
20 K. Ishida, Y. Kitaoka, K. Yamazoe, and K. Asayama, Phys. Rev.
Lett. 76, 531 ~1996!.
21 H.F. Fong, P. Bourges, Y. Sidis, L.P. Regnault, J. Bossy, A.
Ivanov, D.L. Millius, I.A. Aksay, and B. Keimer, Phys. Rev.
Lett. 82, 1939 ~1999!.
22 K. Tomimoto, I. Terasaki, A.I. Rykov, T. Mimura, and S. Tajima,
Phys. Rev. B 60, 114 ~1999!.
23 N.L. Wang, S. Tajima, A.I. Rykov, and K. Tomimoto, Phys. Rev.
B 57, R11 081 ~1998!.
24 S.H. Pan, E.W. Hudson, K.M. Lang, H. Eisaki, S. Uchida, and
J.C. Davis, Nature ~London! 403, 746 ~2000!.
25 J. Figueras, T. Puig, A.E. Carrillo, and X. Obradors, Supercond.
Sci. Technol. 13, 1067 ~2000!.
26 W.A. MacFarlane, J. Bobroff, H. Alloul, P. Mendels, N. Blan-
chard, G. Collin, and J.-F. Marucco, Phys. Rev. Lett. 85, 1108
~2000!.
27 Y. Sidis, P. Bourges, H.F. Fong, B. Keimer, L.P. Regnault, J.
Bossy, A. Ivanov, B. Hennion, P. Gautier-Picard, G. Collin, D.L.
Millius, and I.A. Aksay, Phys. Rev. Lett. 84, 5900 ~2000!.
28 N.-C. Yeh, C.-T. Chen, G. Hammerl, J. Mannhart, A. Schmehl,
C.W. Schneider, R.R. Schulz, S. Tajima, K. Yoshida, D. Garri-
gus, and M. Strasik, Phys. Rev. Lett. 87, 087003 ~2001!.
29 P.W. Anderson, J. Phys. Chem. Solids 11, 26 ~1959!.
30 A. Yazdani, B.A. Jones, C.P. Lutz, M.F. Crommie, and D.M. Ei-
gler, Science 275, 1767 ~1997!.
31 Q. Si, Phys. Rev. Lett. 78, 1767 ~1997!.
32 M. Tinkham, Introduction to Superconductivity, 2nd ed. ~McGraw
Hill, New York, 1996!, and references therein.
33 For a collection of review articles, see Nonequilibrium Supercon-
ductivity, Phonons, and Kapitza Boundaries, Vol. 65 of NATO
Advanced Study Institute, Series B: Physics, edited by K. E.
Gray ~Plenum, New York, 1981!.34 J. Clarke and M. Tinkham, Phys. Rev. Lett. 28, 1363 ~1972!.
35 M. Tinkham and J. Clarke, Phys. Rev. Lett. 28, 1366 ~1972!.
36 M. Tinkham, Phys. Rev. B 6, 1747 ~1972!.
37 J. Clarke and J.L. Paterson, J. Low Temp. Phys. 15, 491 ~1974!.
38 J. Clarke, U. Eckern, A. Schmid, G. Schon, and M. Tinkham,
Phys. Rev. B 20, 3933 ~1979!.
39 A.F.G. Wyatt, V.M. Dmitriev, W.S. Moore, and F.W. Sheard,
Phys. Rev. Lett. 16, 1166 ~1966!.
40 A.H. Dayem and J.J. Wiegand, Phys. Rev. 155, 419 ~1967!.
41 T.M. Klapwijk and J.E. Mooij, Physica B & C 81B, 132 ~1976!.
42 T.M. Klapwijk, J.N. van den Bergh, and J.E. Mooij, J. Low Temp.
Phys. 26, 385 ~1977!.
43 J.E. Mooij, N. Lambert, and T.M. Klapwijk, Solid State Commun.
36, 585 ~1980!.
44 G.M. Eliashberg, JETP Lett. 11, 114 ~1970!.
45 G.M. Eliashberg, Sov. Phys. JETP 34, 668 ~1972!.
46 A. Schmid and G. Schon, J. Low Temp. Phys. 20, 207 ~1975!.
47 A.A. Abrikosov and L.P. Gor’kov, Sov. Phys. JETP 12, 1243
~1961!.
48 P.M. Tedrow and R. Meservey, Phys. Rev. B 7, 318 ~1973!.
49 G.A. Prinz, Phys. Today 48, 85 ~1995!, and references therein.
50 V.A. Vas’ko, V.A. Larkin, P.A. Kraus, K.R. Nikolaev, D.E. Grupp,
C.A. Nordman, and A.M. Goldman, Phys. Rev. Lett. 78, 1134
~1997!.
51 Z.W. Dong, R. Ramesh, T. Venkatesan, M. Johnson, Z.Y. Chen,
S.P. Pai, V. Talyansky, R.P. Sharma, R. Shreekala, C.J. Lobb, and
R.L. Greene, Appl. Phys. Lett. 71, 1718 ~1997!.
52 N.-C. Yeh, R.P. Vasquez, C.-C. Fu, A.V. Samoilov, Y. Li, and K.
Vakili, Phys. Rev. B 60, 10 522 ~1999!.
53 N.-C. Yeh, J.Y.T. Wei, C.-C. Fu, and R.P. Vasquez, Physica B
284–288, 507 ~2000!.
54 J.Y.T. Wei, N.-C. Yeh, and R.P. Vasquez, J. Appl. Phys. 85, 5350
~1999!.
55 W.E. Pickett and D.J. Singh, Phys. Rev. B 53, 1146 ~1996!.
56 H.Y. Hwang, S.W. Cheong, P.G. Radaelli, M. Marezio, and B.
Battlog, Phys. Rev. Lett. 75, 914 ~1995!.
57 N.-C. Yeh, R.P. Vasquez, D.A. Beam, C.-C. Fu, J. Huynh, and G.
Beach, J. Phys.: Condens. Matter 9, 3713 ~1997!.
58 N.-C. Yeh, C.-C. Fu, J.Y.T. Wei, R.P. Vasquez, J. Huynh, S.M.
Maurer, D.A. Beam, and G. Beach, J. Appl. Phys. 81, 5499
~1997!.
59 J.Y.T. Wei, N.-C. Yeh, and R.P. Vasquez, Phys. Rev. Lett. 79,
5150 ~1997!.
60 V.A. Vas’ko, K.R. Nikolaev, V.A. Larkin, P.A. Kraus, and A.M.
Goldman, Appl. Phys. Lett. 73, 844 ~1998!.
61 J.Y.T. Wei, N.-C. Yeh, D.F. Garrigus, and M. Strasik, Phys. Rev.
Lett. 81, 2542 ~1998!.
62 N.-C. Yeh, J.Y.T. Wei, C.-T. Chen, W.D. Si, and X.X. Xi, Physica
C 341–348, 1639 ~2000!.
63 N.-C. Yeh, C.-T. Chen, G. Hammerl, J. Mannhart, S. Tajima, K.
Yoshida, A. Schmehl, C.W. Schneider, and R.R. Schulz, Physica
C 364-365, 450 ~2001!.
64 S. Bhattacharjee and M. Sardar, Phys. Rev. B 62, R6139 ~2000!.
65 B.J. Feenstra, J. Schutzmann, D. van der Marel, R.P. Pinaya, and
M. Decroux, Phys. Rev. Lett. 79, 4890 ~1997!.
66 S. Kashiwaya, Y. Tanaka, N. Yoshida, and M.R. Beasley, Phys.
Rev. B 60, 3572 ~1999!.
67 J.X. Zhu, B. Friedman, and C.S. Ting, Phys. Rev. B 59, 9558
~1999!.
68 R.L. Merrill and Q. Si, Phys. Rev. Lett. 83, 5326 ~1999!.
69 Y. Tanaka and S. Kashiwaya, J. Low Temp. Phys. 117, 521
~1999!.
70 A. Sawa, S. Kashiwaya, H. Obara, H. Yamasaki, M. Koyanagi, N.
Yoshida, and Y. Tanaka, Physica C 339, 287 ~2000!.
71 T. Hirai, N. Yoshida, Y. Tanaka, J. Inoul, and S. Kashiwaya, J.
Phys. Soc. Jpn. 70, 1885 ~2001!.
72 S.K. Upadhyay, A. Palanisam, R.N. Louie, and R.A. Buhrman,
Phys. Rev. Lett. 81, 3247 ~1998!.
73 R.J. Soulen, Science 282, 85 ~1998!.
74 A.V. Boris, A.V. Bazhenov, N.N. Kovaleva, A.V. Samoilov, N.-C.
Yeh, and R.P. Vasquez, J. Appl. Phys. 81, 5756 ~1997!.
75 A.V. Boris, N.N. Kovaleva, A.V. Bazhenov, P.J.M. van Bentum,
T. Rasing, S.W. Cheong, A.V. Samoilov, and N.-C. Yeh, Phys.
Rev. B 59, R697 ~1999!.
76 Using the transmission line model, the following equation pro-
vides an estimate of the current transfer length dT5Arc /Rs, if
the voltage ~V! and current ~I! across the barrier are monitored:
(V/I)5(ARsrc/w)coth(d/dT), where Rs is the sheet resistance of
the CMR layer (V/square!, rc the specific interface contact re-
sistance, and w and d the width and length of the contact, re-
spectively.
77 H. Murrmann and D. Widmann, IEEE Trans. Electron DevicesED-16, 1022 ~1969!.
78 H. Murrmann and D. Widmann, Solid-State Electron. 12, 879
~1969!.
79 P. Mikheenko, R. Chakalov, C. Severac, F. Wellhofer, M. Col-
clough, C. Muirhead, and K. Kawano, Physica C 341, 2711
~2000!.
80 P.G. de Gennes, Superconductivity in Metals and Alloys
~Addison-Wesley, Reading, MA, 1989!, and references therein.
81 R.S. Markiewicz, J. Phys. Chem. Solids 58, 1179 ~1997!.
82 N.J. Curro, T. Imai, C.P. Slichter, and B. Dabrowski, Phys. Rev. B
56, 877 ~1997!, and references therein.
83 G. Blatter, M.V. Feigel’man, V.B. Geshkenbein, A.I. Larkin, and
V.M. Vinokur, Rev. Mod. Phys. 66, 1125 ~1994!.
84 K. Maki, in Superconductivity, edited by R. D. Parks ~Dekker,
New York, 1969!, Vol. II.
85 Y. Gim, A.W. Kleinsasser, and J.B. Barner, J. Appl. Phys. 90,
4063 ~2001!.
86 Y.M. Boguslavskij, K. Joosse, F.J.G. Roesthuis, G.J. Gerritsma,
and H. Rogalla, Physica B 194–196, 85 ~1994!.
87 C.W. Schneider, R. Moerman, F.J.G. Roesthuis, G.J. Gerritsma,
and H. Rogalla, Inst. Phys. Conf. Ser. 148, 1677 ~1995!.
88 P. Mikheenko, M.S. Colclough, C. Severac, R. Chakalov, F. Wel-
hoffer, and C.M. Muirhead, Appl. Phys. Lett. 78, 356 ~2001!.
